The mechanisms responsible for vascular autoregulation in the brain during changes in mean arterial blood pressure are ambiguous. Potentially, adenosine, a purine nucleoside and potent vasodilator, may be involved as earlier studies have documented an increase in brain adenosine concentrations with cerebral ischemia and hypotension. Consequently, we tested the hypothesis that adenosine is involved in vasodilatation during hypotension within the autoregulatory range ( > 50 mm Hg) by exposing adenosine 2a receptor (A2aR) knockout and wild type (WT) mice to short (2 to 5 mins) periods of hypotension. We found that autoregulation was significantly (P < 0.05) impaired by 29% in A2a knockout mice as compared with WT animals. Furthermore, the A2R antagonist (A2a > A2b:10-85 > 1), ZM-241385, in a dose (1, 5, 10 mg/kg, intraperitoneally)-related manner, attenuated autoregulation in WT mice. In knockout mice treated with ZM-2413585 (5 and 10 mg/kg), autoregulation was further impaired indicating that A2b receptors also participated in cerebral vasodilatation. Treatment with dipyridamole (1.0 mg/kg) that increases extracellular concentrations of adenosine improved autoregulation in the A2aR knockout mice. We would conclude that adenosine through both A2a and A2b receptors is involved in physiologic vascular regulation during hypotension even within the autoregulatory range.
Introduction
The brain has the capacity to modulate cerebral blood flow (CBF) during changes in blood pressure. This phenomenon is known as autoregulation (Lassen, 1959) . The mechanism(s) responsible for the regulation of cerebral arteriolar tone during autoregulation is unclear, but a number of theories have been proposed (Paulson et al, 1990) , including the myogenic (Heistad and Kontos, 1983) , neural (Hamel, 2006) , and metabolic hypotheses (Heistad and Kontos, 1983) . All three hypotheses entail biochemical (or transmitter) signal(s) whose action leads to a change in arterial diameter. A number of biochemical factors have been proposed to have such a role. For example, in vivo and in vitro studies have suggested involvement of arachidonic acid metabolites (Harder et al, 2000; Roman, 2002) , nitric oxide (Jones et al, 2003) , calcitonin gene-related peptide (Hong et al, 1994; Wei et al, 1992) , to mention a few, in vasoreactivity during alteration in mean arterial blood pressure (MABP) or intraluminal pressure.
Another potential signaling compound is the purine nucleoside adenosine, which is a potent vasodilator (Berne et al, 1974; Ngai et al, 2001 ). Brain adenosine concentrations are increased during hypoxia (Winn et al, 1981; Zetterstrom et al, 1982) , ischemia (Winn et al, 1979) and neuronal activation (Winn et al, 1980a) . However, there is controversy as to whether adenosine is elevated in brain during hypotension. To resolve this controversy, we performed studies to test the hypothesis that adenosine is involved in autoregulation during decreases in MABP and to determine the relative contribution of the adenosine 2a receptor (A2aR) and the 2b receptor (A2bR). We restricted our analysis to changes in MABP within the autoregulatory range and used short periods of decreases in MABP in wild type (WT) and A2aR knockout (KO) mice treated with increasing doses of the A2a antagonist ZM-241385 [4-(2-{7-amino-2-[2-furyl][3,2,4]triazolol [2,3-a] [1, 3, 5] triazin-5-yl-amino}ethyl)phenol]. In addition, we analyzed the effects of dipyridamole (DIP) in A2aR knockout mice. Dipyridamole at low concentrations ( < 10 À5 mol/L) inhibits cellular uptake of adenine nucleosides, thus exaggerating extracellular concentrations of adenosine (Heistad et al, 1981) .
Materials and methods
All procedures in this study were approved by the Institutional Animal Care and Use Committee (IACUC) of Mount Sinai School of Medicine.
Animals
A2aR knockout mice were generated by Chen et al (1999) . These investigators demonstrated that absolute blood flows were similar in both WT and A2aR knockout mice (Chen et al, 1999) . Further details about animal preparation are outlined in Miekisiak et al (2008 Miekisiak et al ( , 2009 .
Surgical Procedures
In brief, mice weighing 22 to 31 g were intubated, ventilated, and anesthetized with 1.1% to 1.7% isoflurane in 40% O 2 balanced with nitrogen (Miekisiak et al, 2008) . End-tidal CO 2 was monitored with a microcapnograph. Rectal temperature was continuously monitored and maintained at 371C. The right femoral artery was cannulated with a narrowed PE-10 tube for continuous blood pressure monitoring and to obtain arterial blood gases and determine the pH. The left femoral artery was also cannulated for withdrawal and return of arterial blood. Throughout the entire experiment pancuronium bromide (0.4 mg/kg, q45 mins) was administered intraperitoneally. After securing the arterial lines, the animal's head was fixed in the stereotactic frame and the scalp was incised along the midline to expose the bone. Then a laser-Doppler probe was placed over the intact frontal skull to allow measurement of CBF. Alpha-chloralose was administered intraperitoneally (75 mg/kg, q1 h) and, as described earlier (Miekisiak et al, 2008) , isoflurane was gradually discontinued and the animals maintained stable for 45 to 60 mins before initiating hypotensive challenges to avoid confounding effects of isoflurane on the CBF response (Miekisiak et al, 2008) . Level of anesthesia was monitored through assessment of physiologic parameters and alpha-chloralose supplemented to assure that the animal was not in pain.
Experimental Protocols
For purposes of this study, the term 'hypotension' represents a MABP below the baseline (initial) MABP. We achieved hypotension by lowering MABP by withdrawal of blood (52 mL/secs) from the cannulated right femoral artery while measuring simultaneously the MABP in the contralateral femoral artery. Blood was withdrawn and reinfused by means of a roller pump. The withdrawn blood was kept in gas impermeable tubing and at body temperature by a heating light.
During hypotension, CBF (as measured by laser Doppler) decreased and then stabilized at a plateau. The plateau value ( Figure 1A ) was used to calculate cerebrovascular resistance (CVR). After the hypotensive period (120 to 180 secs), the withdrawn blood was re-infused to re-establish baseline MABP and the animals stabilized for a minimum of 5 mins before being subjected to another hypotensive period. Each animal was subjected to 4 to 6 hypotensive challenges of varying degree (5% to 40% of baseline) in a random order. Animals having an initial MABP (i.e., preblood withdrawal) less than 75 mm Hg (B90 mm Hg at the internal carotid, see below) were excluded.
All animals were challenged with 7% CO 2 before hypotensive periods to assess their arterial reactivity. Animals having < 20% increase in CBF were euthanized as outlined earlier (Miekisiak et al, 2009 ). We initially obtained arterial blood (100 mL) for assessment of CO 2 , O 2 , and pH and subsequently continuously monitored endtidal CO 2 as described earlier (Miekisiak et al, 2009) .
We assessed the genotype by PCR (JF Chen) in many of our animals, but as homozygous interbreeding bypasses the Figure 1 Percentage change in MABP (white) and CBF (black) in WT (A) and A2aR knockout (B) mice. Change in MABP was achieved by femoral arterial blood withdrawal while MABP was recorded from cannulated contralateral femoral artery. CBF was measured through the intact skull by laser Doppler flowmetry. Dash arrow = 60 secs. Both CBF and MABP achieved a stable value ('plateau'), which was subsequently used to calculate change in cerebral vascular resistance (CVR).
need to assess genotype, we also confirmed the genotype by a functional test using CGS21680 (0.1 mg/kg), a highly selective A2aR agonist at the end of the experiment (Miekisiak et al, 2008) . As reported earlier, with administration of CGS21680, WT animals with functional A2aR and in the absence of ZM-241385 became hypotensive and tachycardic, whereas knockout and animals treated with ZM-241385 maintained their MABP and heart rate relatively stable (Miekisiak et al, 2008) .
In mice administered dipyridamole (1 mg/kg), we obtained 100 mL of blood at the end of the procedure for determination of serum concentration of this compound.
Preliminary Studies
Validation of Model: To confirm that the MABP recorded in the femoral artery reflected MABP in the root of the aorta and internal carotid arteries, we measured MABP in the common carotid artery (cannulated through the external carotid) during blood withdrawal from the right femoral artery while also measuring MABP in the contralateral femoral artery. As shown in Figure 2 , the changes, both absolute and temporal, in MABP in the femoral artery reflected the changes MABP in the carotid artery (carotid artery MABP = 1.1 (femoral MABP) + 13.7; R 2 = 0.99; n = 24). Dalkara et al (1995) measured MABP in the femoral artery and documented that the lower limit of autoregulation in the mouse was B40 mm Hg. This is, in general, lower than that found in other species. However, as demonstrated by our simultaneous measurements, femoral MABP is B14 mm Hg lower than in the root of the aorta and carotid artery. Thus, the 'low' limit of autoregulation in the mouse noted by Dalkara et al (1995) reflects the site of BP measurement and the attenuation of resting MABP in the femoral artery rather than a unique aspect of the mouse cerebral circulation.
Determination of the lower limit of autoregulation:
As our goal was to study the cerebrovascular response in the physiologic autoregulatory range, we initially analyzed the CBF changes during decreases in MABP in WT, WT treated with ZM-241385 (10 mg/kg), and knockout mice to identify the blood pressure ('inflection point') where compensatory alteration in CBF began to fail during hypotension. In all three groups, the inflection point was found to be below 40 mm Hg as measured at the femoral artery (B55 mm Hg at the carotid artery). Consequently, our studies of autoregulation (see below) were performed above 45 mmHg.
Groups Studied
The following groups of male mice were subject to the experimental protocol outlined above: 
Pharmacological Protocol

ZM-241385:
To analyze the relative contributions of A2aR compared to A2bR, we used the relatively specific A2aR antagonist, ZM-241385. This compound has an B10-to 85-fold greater affinity for the A2a versus the A2b subtype receptor and is 300-and 10,000-fold more active at the A2a than at the A 1 and A 3 receptor, respectively (Fredholm et al, 2001; Meno et al, 2001 ). We chose ZM-241385 (1, 5, and10 mg/kg) because an earlier in vitro study by Ngai et al (2001) demonstrated that adenosine induced vasodilatation appeared to be predominantly related to stimulation of the A2a receptor although, with high concentrations of adenosine in the presence of ZM-241385 (1 mmol/L), Ngai et al, found residual vasodilatation presumably related to A2b receptor activity; in vivo studies in both rat and mouse found that ZM-241385 (1.0 and 5.0 mg/kg) was effective in attenuating CBF during topical glutamate application (Iliff et al, 2003) , hypoxia (Miekisiak et al, 2008) , and neuronal stimulation ) caused by sciatic nerve stimulation (although some investigators were unable to diminish CBF hyperemia induced during whisker stimulation with ZM-241385 (Liu et al, 2008) ); and finally, there are no highly specific A2b receptor antagonists that cross the blood-brain barrier. To analyze the role of A2bR activity in cerebral vasodilatation, we studied the effects of ZM-241385 in A2aR knockout animals based on the rationale that in absence of functional a2aR (as would occur in A2aR knockout mice), ZM-241385 would exclusively antagonize A2b receptors.
Dipyridamole: Dipyridamole at concentrations p10 À6 mol/L impairs uptake of adenosine from the extracellular space and diminishes adenosine kinase activity (Ko et al, 1990) . Figure 2 Simultaneous blood pressure recordings in the femoral and carotid arteries. Blood was withdrawn (arrow head A) and replaced (arrow head B) at a rate of 52 mL/secs from the contralateral femoral artery simulating the hypotensive challenge administered to WT and knockout mice. The changes, both absolute and temporal, in blood pressure in the femoral artery reflected the changes in the carotid artery in the following manner: carotid artery MABP = 1.1 (femoral MABP) + 13.7; R 2 = 0.99; (n = 24).
This drug may also inhibit adenosine deaminase, attenuate cyclic phosphodiesterase activity (thereby increasing cyclic GMP), relax directly smooth muscle, and interact with the prostaglandin system (Ko et al, 1990) . However, all of these latter activities occur at concentration greater then 10 -5 mol/ L (Ko et al, 1990) . Consequently, in preliminary studies, we measured serum concentrations of dipyridamole (Kim et al, 2008) and found that dosage of dipyridamole p1 mg/kg, intraperitoneally resulted in serum concentrations p10 À6 mol/L. In addition, we measured dipyridamole in mice subjected to hypotensive challenges.
Data analysis
The data were acquired with a Digidata 1322A digitizer (Axon CNS, Union City, CA, USA) and analyzed with the SPSS 14.0 data analysis package (SPSS Inc., Chicago, IL, USA). As outlined above, CVR was calculated for each hypotensive trial and then percent change in CVR was plotted against the percentage change in MABP. For each animal, scatter plots were constructed, linear regression analysis performed, and a slope calculated (Figure 3) . We then derived the means ( ± s.e.m.) of the slopes for each group (i.e., WT, knockout, etc.) and analyzed the means by independent t-tests and analysis of covariance for statistical comparisons. When multiple simultaneous comparisons were made, Bonferroni correction was applied. A P value of < 0.05 was used to indicate statistically significant differences. Table 1 displays the MABP in each group of mice before hypotensive challenge. In addition, there were no differences in mean arterial blood gases (CO 2 and O 2 ) and pH, percentage increase in CBF after hypercarbic challenge, baseline end-tidal CO 2 , and animal weight (surrogate for age). In addition, we noted a lack of change in end-tidal CO 2 during hypotensive challenge in all groups. Finally, there was no difference in time to nadir in MABP and CBF among the different experimental groups.
Results
Physiologic Parameters
Analysis of the Autoregulatory Response
Group I (WT and A2aR Knockout Mice): Figure 1 illustrates examples of the changes in CBF during 20% to 30% decrease in MABP and contrasts the response of CBF in WT animals ( Figure 1A ) and A2aR knockout mice ( Figure 1B) . In calculating the slope of (% D MABP versus % D CVR), the determination of CBF was made when CBF established a stable plateau (see Figure 1A) . Note the different response in the A2aR knockout mice, where CBF follows the changes in MABP in a more passive manner. In addition, with restoration of the extracted blood, a slight temporary elevation above baseline MABP occurs. Although not a focus of this study, this relative 'hypertensive' challenge reveals that CBF in the WT remains below the increase in MABP whereas in the A2aR knockout mice, CBF parallels or exceeds the changes in MABP.
As indicated in Figure 4 , the slope (% D MABP versus % D CVR) in WT male mice (n = 6) was 0.70±0.03. In comparison (Figure 4 ), knockout animals (n = 6) had a significant impairment of their autoregulatory response. For example, the slope of the % D MABP versus % D CVR (Figure 3 ) in the knockout mice (n = 6) averaged 0.50±0.04, significantly different (P < 0.05) from the WT (0.70 ± 0.03) animals. The decrease in the autoregulatory response in the A2aR knockout mice as compared to the response in WT animals was 29%. Group II (WT + ZM-241385): As illustrated in Figure 5 , there was a dose-related effect of ZM-241385. As compared to WT mice, 1 mg/kg of ZM-241385 did not alter the relationship of D MABP versus % DCVR, whereas treatment with 5 mg/kg resulted in a downward trend (P = 0.06) to 0.50 ± 0.07. The slope in the WT + 10 mg/kg mice (0.39 ± 0.04) decreased 44%, which was significantly (P < 0.05) less than in untreated mice.
Group III (A2aR Knockout + ZM-241385):
These studies were designed to analyze the contribution of A2b receptors. As ZM-241385 at high doses will also affect A2b receptors, we evaluated the autoregulatory response in knockout mice treated with ZM-241385. As illustrated in Figure 6 , we found that the autoregulatory response in the A2aR mice was further and significantly (P < 0.05) impaired by 40% in the presence of 5 mg/kg of ZM-241385 and by 80% with 10 mg/kg (80%).
Group IV, Dipyridamole: As indicated in Figure 7 , dipyridamole (1 mg/kg) significantly (P < 0.05) improved the autoregulatory response in both WT (27% from 0.70±0.03 to 0.89±0.007) and the A2aR knockout mice (38% from 0.50 ± 0.04 to 0.69 ± 0.04). Lower doses of dipyridamole (0.2 mg/ kg) did not result in a significant improvement in vasodilatation. Dipyridamole in all serum samples was determined to be less than 10 À6 mol/L.
Response to CGS 21680: WT animals had a previously described hypotensive and tachycardic response to CGS 21680 (0.1 mg/kg), whereas this response was blocked in knockout animals and animals treated with ZM-241385 (data not shown).
Discussion
In this study, we tested the hypothesis that adenosine is involved in autoregulation during hypoten- sion in the mouse. Our studies were focused on changes in MABP within the autoregulatory range. During short periods of hypotension, we found that A2aR knockout mice had a significant reduction in their capacity to vasodilate their cerebral circulation as compared to WT animals. Furthermore, in WT mice, autoregulation was reduced by treatment with a semiselective A2aR antagonist, ZM-241385. In A2aR knockout mice, ZM-241385 further attenuated the autoregulatory capacity, whereas dipyridamole improved autoregulation. In the absence of functioning A2a receptor, these latter observations in A2aR knockout mice indicate that A2b receptors are capable of participating in cerebral arteriolar vasodilatation. In an earlier study, changes in brain adenosine concentrations (Winn et al, 1979) were found to occur with seconds (p5 secs) of the onset of ischemia and thus with sufficient rapidity to account for the swift (B7 secs) response of cerebral arterioles to hypotension (Kontos et al, 1978a) . There are four adenosine receptors(R): A1R; A2aR, A2bR, and A3R (Fredholm et al, 2001 ). A1R and A3R are not involved in cerebral vasodilatation (Ngai et al, 2001) , Ngai et al (2001) has demonstrated that the A2 receptor is the main adenosine receptor involved in cerebral vasodilatation with the A2aR having a higher affinity (B300 Â ) for adenosine than the less sensitive A2bR (Fredholm et al, 2001) . Unfortunately, there are no highly specific pharmacological antagonists for A2aR and A2bR, thus limiting the pharmacological ability to uncover the relative contributions of these two receptors to cerebral vasodilatation (Fredholm et al, 2001) . The creation of A2aR knockout mice provides an experimental technique to assess not only the role of adenosine in CBF regulation, but potentially to determine the relative contributions of the A2aR and A2bR to vasodilatation.
Our study is the first to analyze cerebral autoregulation using adenosine knockout mice and indicates that adenosine contributes to CBF regulation during hypotension. Furthermore, this study resolves the dispute as to whether adenosine has a role in cerebral arterial vasodilatation even within the autoregulatory range. Previous investigators suggested that adenosine concentration become elevated only when MABP decreases below 50 mm Hg (Van Wylen et al, 1988) , whereas others, using a rapid freeze-blow brain sampling technique (Winn et al, 1980b) , found that adenosine doubled from resting levels (10 À7 mol/L) even within the autoregulatory range. The former study used brain dialysis techniques, which may not have sufficient spatial and/or temporal resolution to discern changes in adenosine concentrations (Ngai et al, 1998) . This study also extends an earlier work that indicated that adenosine receptor antagonism can limit the lower extent of the autoregulatory plateau (Shin et al, 2000) , but is in contrast to the findings by Phillis and DeLong (1986) , who failed to alter autoregulation with application of caffeine. Caffeine affects both A1 and A2 receptors (Fredholm et al, 2001) . Stimulation of the former receptor may confound interpretation of CBF response during hypotension because stimulation of the A1 receptor will increase neural activation and brain metabolism (Fredholm et al, 2001 ). In addition, Phillis and DeLong used the retroglenoid venous outflow method in rat to measure CBF. Alteration in the venous outflow of the brain with resultant increase in venous pressure and transmural pressure may have perturbed the autoregulatory response (Heistad and Kontos, 1983) .
Our studies were based on changes in CBF as determined by laser Doppler, which do not measure absolute CBF, but indicate only comparable changes. As absolute baseline blood flow in WT and A2aR knockout mice has been shown to similar (Chen et al, 1999) , the use of laser Doppler is a valid technique to compare the changes in CBF in WT, A2aR knockout and WT mice treated with Zm-241385.
On the basis of the difference between the WT and A2aR knockout response to hypotension, adenosine's contribution to vasodilatation through A2a receptors appears to be 29% of the change in CVR during hypotension. This 29% may be an underestimation because of the potential of adaptation in the A2aR knockout mice (such as increased expression of A2b receptors). The dose response to ZM-241385 in WT mice also supports the role of Ado in autoregulation and suggest that the contribution of the A2a receptor is 30% to 44% of total vasodilatation. Finally, the very steep (80%) attenuation of vasodilatation during hypotension observed in the A2aR knockout mice treated with ZM-241385 (10 mg/kg) may represent the total contribution of Ado (i.e., A2aR + A2bR) to vasodilatation during hypotension. However, this 80% may be exaggerated by upregulation of A2b receptors in A2aR knockout mice, although Sitkovsky and his colleagues have demonstrated the absence of a compensatory increase in A2bR activity in A2aR knockout mice (Armstrong et al, 2001) . The ability of A2bR to participate in vasodilatation is evident from our studies in knockout animals treated with ZM-241385 and dipyridamole, where we observed deterioration with ZM-241385 and improvement with dipyridamole.
Other circulations such as heart, skeletal muscle, intestine, and kidney display autoregulation and investigators have demonstrated the involvement of adenosine in the response to hypotension (Morff and Granger, 1983) in some organs. However, the role of adenosine in the regulation of CBF during hypotension should be placed in context with other factors, such as arachidonic acid metabolites (Harder et al, 2000; Roman, 2002) , nitric oxide (Jones et al, 2003) , or calcitonin gene-related peptide (Hong et al, 1994; Wei et al, 1992) , which have been demonstrated to contribute to vasoregulation.
What mechanisms are responsible for the release of brain adenosine during hypotension? Earlier studies suggested that with hypotension, even within the autoregulatory range, brain tissue becomes hypoxic and that local hyperoxia can attenuate vasodilatation observed with hypotension (Kontos et al, 1978b) . Hypoxia, in turn, as noted above, can rapidly increase cerebral concentrations of adenosine (Winn et al, 1981) . A recent study indicates that functioning A2 receptors are critical for hypoxic hyperemia (Miekisiak et al, 2008) . In addition, Gordon et al (2008) have suggested a new role for astrocyticderived adenosine in hypoxia: switching function is operational in vasodilatation during hypotension. Furthermore, astrocytes, which are highly sensitive to changes in tissue oxygenation as determined by the production of adenosine, are the likely cellular source for the rapid production of adenosine during hypotension .
In summary, using both knockout technique and pharmacological methods, we have demonstrated that adenosine is involved in cerebral vasodilatation during hypotension within the autoregulatory blood pressure range. Vasodilatation occurs by means of both A2a and A2b receptors. Adenosine along with other factors either acting in concert or in an integrative manner appears to be critical for autoregulation. However, the source and regulatory mechanisms involved in adenosine production during hypotension remain to be elucidated.
